Haemopexin affects iron distribution and ferritin expression in mouse brain
. Other than in plasma and liver, Hx protein has been found in the sciatic nerve, skeletal muscle, retina and brain [16] [17] [18] [19] . Moreover, human Hx promoter activity has been reported in several brain regions in transgenic mice, including cortex, hippocampus, thalamus, hypothalamus, cerebellum and brainstem nuclei [20, 21] . Recently, Hx has been identified in human cerebrospinal fluid (CSF) , and a comparative proteomic analysis has demonstrated a significant increase in Hx levels in CSF from Alzheimer's disease patients compared to non-demented elderly persons [22, 23] 
. However, it remains unclear whether Hx is locally synthesized in extra-hepatic tissues or it is taken up from plasma. Data on Hx expression in brain and its modulation under pathological conditions suggest that it might act as heme scavenger and protective factor in the nervous system as well. To test this hypothesis, we analysed iron deposits, ferritin expression and oxidative stress in the brain of Hx-null mice.

Materials and methods
Animals
Hx-null mice were generated in our laboratory as previously described [14] . Two-month- 
Production of anti-haemopexin antibodies
Polyclonal and monoclonal antibodies were produced against a recombinant protein obtained in E. coli and corresponding to amino acids 81-459 of mouse Hx. This sequence was sub-cloned from a full-length murine Hx clone (NP_059067) purchased from Invitrogen (San Giuliano Milanese, MI, Italy). The recombinant Hx protein was injected in
Results
Iron homeostasis in haemopexin-null mice
Hx-null mice have been previously described to suffer from severe renal damage after acute intravascular haemolysis [14] . 
Expression of haemopexin in brain
As several authors have reported Hx expression in the central nervous system [17, 18, 23] , and Hx promoter activity was found in several brain regions in mice [20, 21] [14] . We detected ␤-galactosidase activity in ependymal cells lining the ventricular system, but not in endothelial cells of the choroid plexus (Fig. 1C) . A weak staining was also seen in neurons of the hippocampus (not shown).
Cellular distribution of iron deposits in haemopexin-null brain
Since Hx, by binding free heme, may participate in iron recovery [13] , we analysed the cellular distribution of iron deposits (this paragraph) and ferritin (next paragraph) in brain sections of (Fig. 2) .
To (Fig. 3) . (Fig. 4A) (Fig. 4C) .
cells). In oligodendrocytes, iron was mainly confined to one pole of the cytoplasm and was also present in cellular processes
Cellular distribution of ferritin in haemopexin-null brain
Ferritin expression was analysed, firstly, by Western blotting on extracts from whole brain. We observed a lower expression level of H-and L-Ft in Hx-null brains than in wild-type controls
The decrease in ferritin expression only in the cortex was further confirmed by Western blotting analysis on extracts from regions 'a' and 'b' (not shown).
Fig. 2 Increased number of iron-loaded cells in Hx-null brain. (A) Brain sections of a wild-type mouse and an Hx-null mouse at 2 months of age stained with Perl's reaction and counterstained with haematoxylin. Scheme near each section represents the position of the cells positive to Perl's reaction. Bar ϭ 100 m. (B) Reconstruction of four serial sections of the brain of a wild-type mouse and an Hx-null mouse. In both mice, intense staining is evident in the basal ganglia, mainly in the globus pallidus and caudate-putamen nucleus. Hx-null mice show more iron positive cells in some thalamic regions. (C) Quantification of iron-loaded cells. The analysis on Perl's stained sections was performed as described in 'Materials and methods'. Data represent mean Ϯ S.E.M., n ϭ 4 mice
for each genotype. *** ϭ P Ͻ 0.0001. (Fig. 6 ). (Fig. 7B) . The increased expression of SOD1 in subcortical regions of Hx-null mice was further confirmed by Western blotting (Fig. 7C ).
To identify the cell types expressing ferritin, we performed double immunofluorescence with anti-L-or H-Ft antibodies and antibodies against specific markers for different cell populations. As shown in Fig. 5, all cell populations analysed, i.e. oligodendrocytes, neurons and microglia, expressed L-and H-Ft in both Hxnull and wild-type mice.
Expression of heme-iron handling molecules in haemopexin-null brain
To gain further insights into the 'iron phenotype' of Hx-null brain, we analysed the expression of molecules involved in heme-iron
NeuN as a marker for neurons (c, d), CNPase as a marker for oligodendrocytes (e, f) and F4/80 as a marker for microglia (g, h, i).
No astrocytes or neurons are positive for iron staining. Iron localizes specifically in oligodendrocytes and is present both in the cytosol (⌬), and in the processes (᭣). Most of F4/80
Free radical-mediated damage in haemopexin-null brain
Data presented in the previous sections showed an increase in the number of iron-loaded oligodendrocytes in the basal ganglia
Fig. 4 Decreased expression of H-and LFt in Hx-null brain. (A) Western blotting analysis of H-and L-Ft expression in total
Discussion
In this paper, we report the analysis of iron deposits and ferritin expression in the brain of Hx-null mice. At the systemic level, several studies point to a role for Hx in the detoxification against heme overload [11, 14, 28, 29] . Moreover, Hx is known to be one of the most abundant proteins in CSF [23] . Nevertheless, its role in central nervous system is so far unknown. [20, 21] (LRP)-1 [30] , is expressed in brain and, in particular, in epithelial cells of choroid plexi, neurons, glia and endothelial cells of microvessels [31] [32] [33] , thus supporting the hypothesis of multiple sites of Hx activity, i.e. ventricular system and brain parenchyma.
Hx is known to mediate heme uptake and its degradation, through HO-1, to carbon monoxide, bilirubin and iron [8, 34, 35] the figure) , [42] [43] [44] [45] .
In these compartments, Hx binds heme and the heme-Hx complexes may be taken up by cells expressing LRP-1 (see text for details). In this way, Hx contributes to maintain normal iron homeostasis in terms of iron deposits in oligodendrocytes and adequate ferritin expression (left panel). Both parameters are altered in Hx-null brain (right panel) in which we observed an increased number of iron-loaded oligodendrocytes (in grey in
In conclusion, we identified the sites of Hx expression in brain that point to a role of Hx in both CSF and brain parenchyma as illustrated in Fig. 8. In wild- 
